We have previously generated neutralization-resistant variants of Tacaribe virus in the presence of a monoclonal antibody (MAb) specific for the envelope glycoprotein. The envelope glycoprotein precursor (GPC) genes of two variant viruses were sequenced following polymerase chain reaction amplification of a specific region of the Tacaribe virus S RNA, and compared with the GPC gene of the parental virus. Multiple nucleotide changes in the 3' half of the GPC gene were identified in the variants, suggesting that this part of the gene codes for the envelope glycoprotein of Tacaribe virus recognized by the MAb. Both variants showed unique amino acid substitutions up to 166 residues apart, suggesting that the most likely basis for neutralization resistance was a change in an epitope in which the critical residues are juxtaposed by conformation rather than by proximity in coding.
The Arenaviridae family is divided into two groups based on epidemiological and serological relationships. The 'Old World' group includes the human pathogens lymphocytic choriomeningitis (LCM) virus and Lassa virus. Tacaribe virus is the type-specific member of the 'Tacaribe complex' or 'New World' group. In common with other arenaviruses, Tacaribe virus has a bisegmented, ambisense RNA genome. A large (8 kb) (L RNA) strand codes for a large protein (L) and a small protein (X) (Iapalucci et al., 1990) . The nucleocapsid (N) protein is coded in the negative sense at the 3' half of the smaller (3.4 kb) S RNA and the envelope glycoprotein precursor (GPC) is coded in the positive sense at the 5' half of S RNA (Franze-Fernandez et al., 1987) .
Neutralizing monoclonal antibodies (MAbs) against Tacaribe virus are specific for the single external glycoprotein (G) visible on acrylamide gels (Howard et al., 1985) ; G is apparently derived from the GPC precursor protein, although the precise origin of the G protein within the GPC of Tacaribe virus is unknown (Gard et al., 1977) . In contrast, acrylamide gels of most other arenaviruses show two external glycoproteins designated GP-1 and GP-2, which are derived from the N-terminal and the C-terminal domains of the GPC precursor, respectively (Buchmeier et al., 1987) .
We have previously generated neutralization-resistant 'variant' viruses by in vitro selection during serial passage of parental Tacaribe virus in the presence of the strongly neutralizing, Tacaribe virus G protein-specific MAb 2.25.4 (Howard et al., 1985) . The parental virus was within six passages of a mouse brain suspension infected with the original isolate of Tacaribe virus, TRVL 11598. Briefly, parental virus was mixed with antibody, and neutralization-resistant variants forming plaques in Vero cells were passaged three times in BHK-21 cells in the presence of antibody. Two of these variant viruses designated V5 and V7 were selected for further study. The polymerase chain reaction (PCR) was used to amplify and sequence the GPC gene of the original parental strain and the two variant Tacaribe viruses. Comparison of these sequences has been used to determine the molecular basis for neutralization resistance and the region of the GPC gene coding for the Tacaribe virus external G protein recognized by MAb 2.25.4.
Parental virus and variants were produced in BHK-21 cells as previously described (Howard et al., 1985) . Total cellular RNA was isolated from cells at 48 h postinfection using guanidinium thiocyanate, pelleted through a caesium chloride cushion (Chirgwin et al., 1979) , precipitated in ethanol, dissolved in water and treated with RNase-free DNase. The integrity of RNA was checked by visual inspection of intact ribosomal and messenger RNA species on an ethidium bromide-stained agarose gel. Northern blots, using an oligonucleotide probe (primer OL-2; 5' CGTGTGTAGTTGCAA-TAAGG 3') complementary to viral S RNA nucleotides 1140 to 1159 (Franz-Fernandez et al., 1987) , were used to confirm the presence of an intact, 3-4 kb S RNA species (Fig. lb) . Cellular RNA (150 gg) was reverse-transcribed using 100pmol of an oligonucleotide primer (OL-1; 5' GGGAGCGCAAATGTGCTGTC 3') complementary to viral S RNA nucleotides 1540 to 1559 (FranzeFernandez et al., 1987) . DNA was amplified in a PCR (Saiki et al., 1988 ) using a Gene Amp kit (Perkin ElmerCetus) according to the manufacturer's instructions. The reaction primers used to amplify the entire GPC gene were OL-1 and a virus-sense oligonucleotide (OL-9; 5' GCCTAACTGAACCAGGTGAA 3') with the sequence from nucleotides 20 to 39 ofS RNA, 5' of the start of GPC (Franze-Fernandez et al., 1987) . Primer OL-1 was also used with a virus-sense oligonucleotide (OL-3; 5' CCTGGGGGATACTGTCTTGA 3') with the sequence from nucleotides 880 to 899 of S RNA (FranzeFernandez et al., 1987) , in order to amplify the 3' half of the GPC gene. Initial DNA denaturation was at 94 °C for 5 min. Taq polymerase was added to the reaction which was then subjected to 25 cycles of 1 min at 94 °C, 2 min at 45 °C and 3 min at 72 °C. The specificity of PCR amplification products was confirmed by Southern blotting using a probe (OL-2) complementary to internal sequences ( Fig. 1 c) .
Amplified DNA was purified by electroelution from an agarose gel (Maniatis et al., 1982) , blunt end-ligated into a SmaI-cut pGEM-3Z vector (Promega) and sequenced with a T7 polymerase/deaza kit (Promega), using primers complementary to sequences occurring at intervals along the GPC gene. At least two clones resulting from the ligation of each PCR fragment to the vector were sequences on both strands. The GPC genes of the parental virus and the two variant viruses (V5 and V7) were amplified, sequenced and compared using the Staden-Plus program (Amersham). Additional PCR, cloning and sequencing was carried out to confirm variation in nucleotide sequence.
The GPC gene sequence obtained for the parental virus strain was compared with the sequence published for Tacaribe virus (Franze-Fernandez et al., 1987) . A major difference observed was a deletion of 39 nucleotides (at nucleotides 414 to 452, according to the FranzeFernandez sequence) with a substitution of three nucleotides (Fig. 2) . The open reading frame of our parental virus strain GPC gene was therefore 1449 nucleotides in length rather than the 1485 previously recorded for Tacaribe virus (Fig. 2) . This deletion resulted in the removal of 12 amino acids from the previously published sequence of the GPC protein (residues 121 to 133, according to the Franze-Fernandez sequence) and the substitution of one other (Fig. 2) . In addition, three other nucleotide substitutions were observed along the GPC gene of our parental strain in comparison to the published sequence, one of which resulted in an amino acid substitution at residue 418 (according to the Franze-Fernandez sequence) or residue 406 (according to our parental strain sequence) (Fig. 2) . It was concluded that these sequence changes were characteristic of our Tacaribe virus strain since they were consistently observed in the parental strain and in both variant viruses in a total of four separate PCR amplifications from which two clones per reaction were sequenced. The sequences of the GPC genes of the variant viruses showed several changes when compared to the parental virus (Fig. 2) . Virus V5 showed two point mutations in comparison with the parental strain. Base changes at nucleotides 839 and 841 of the parental strain resulted in two amino acid substitutions at residues 263 and 264 (Fig. 2) . However virus V7 showed multiple changes in comparison to the parental strain including two point mutations at nucleotides 676 and 1337 resulting in amino acid substitutions at residues 209 and 429, and a silent point mutation at nucleotide 1346. In addition, there were three deletions of nucleotides 903, 915 and 948 resulting in a frameshift. A total of 14 unique amino acids was therefore substituted for the original parental strain 15 amino acids at residues 284 to 299 in the GPC protein (Fig. 2) .
We considered the possibility that the multiple changes in sequence observed in the two variant viruses reflected aberrations introduced by amplification in PCR. However, all differences in sequence observed between viruses, in four separate PCR amplifications of the 1503 nucleotides spanned by primers OL-1 and OL-9, were confirmed as authentic for each virus in subsequent PCR amplifications. All nucleotide changes observed in the parental strain GPC gene, as compared to the previously published sequence, were also present in the variant viruses.
One variant (V7) demonstrated a silent point mutation at nucleotide 1346 of the parental strain sequence. This is likely to reflect a random change generated during RNA transcription which, since it is not expressed, has no role in inducing neutralization resistance. It is not known whether the multiple mutations observed in these variants and expressed as amino acid changes in GPC, occurred as a primary event during an initial 'escape' selection or whether they accumulated through several passages in the presence of antibody. However, reports suggest that a single selection process can result in multiple changes in the sequences of neutralization-resistant variants of other RNA viruses (Wiegers et al., 1988; Kfvamees et al., 1990) . The presence of multiple changes in both variants suggests that a single mutation may be insufficient to generate neutralization resistance. Moreover the presence of multiple changes in neutralization-resistant viruses suggests that these combinations of changes produce a resistant phenotype.
Our results suggest that amino acid changes at several different points up to 166 residues apart in the linear sequence of the Tacaribe virus glycoprotein result in the alteration of the epitope recognized by the neutralizing antibody. It is possible that MAb 2.25.4 recognized a discontinuous epitope (Barlow et aL, 1986) , binding to one part of the protein and also to distal residues brought into proximity by secondary structure. Some of the amino acid changes observed in the variant viruses could represent alterations in distal residues of the epitope; however, the number and distance of the nucleotide changes observed argue against this explanation, particularly in the case of virus V7.
The most likely model to explain our observations is that MAb 2.25.4 recognized an epitope in which the critical residues were dependent on conformation for reactivity and that neutralization resistance was induced by changes in the glycoprotein affecting the correct conformation of the epitope. This is further indicated by the finding that MAb 2.25.4 bound to antigen in immunofluorescence reactions using cells infected with variants V5 and V7. Although this basis for variation represents a novel finding among arenaviruses, there have been recent reports of changes in epitope structure resulting from mutations at distant sites in antigenic proteins of other viruses including human immunodeficiency virus and foot-and-mouth disease virus (Wilson et al., 1990; Parry et al., 1990) .
Most changes observed in the Tacaribe virus GPC protein of the variant viruses are located downstream of amino acid 247 identified as the cleavage site for the production of GP-1 and GP-2 in LCM virus (Buchmeier et al., 1987) . There was one exception to this in V7, where a change occurred at amino acid 210 within the GPC region, which in LCM virus codes for the GP-I glycoprotein. However, both the amino acid changes observed in virus V5 and all but one of the multiple changes observed in virus V7, occurred at the region analogous to the GP-2 proteins of other arenaviruses. It is interesting that the changes observed in V5 occur within the region of GPC corresponding to the major cytotoxic T lymphocyte (CTL) epitope of LCM virus (Whitton et al., 1988) . This virus could therefore cause changes in both the T and B cell responses if Tacaribe virus possesses the same CTL epitope.
The multiple changes observed in our variants did not permit the identification of the epitope recognized by the neutralizing MAb 2.25.4. In ELISA, MAb 2.25.4 gave a positive reaction at a 1/160 dilution with a Tacaribe virus GP-2-specific peptide representing residues 352 to 366 of GPC (M. Salter, unpublished results). This peptide is derived from an epitope on GP-2 which was first recognized for LCM virus and which is highly conserved among arenaviruses (Weber & Buchmeier, 1988) . MAb 2.25.4 showed only minimal reactivity (at a dilution of 1/20) with the analogous LCM virus peptide which has six amino acid changes compared to the Tacaribe virus peptide (M. Salter, unpublished). It is therefore possible that this region of the Tacaribe virus GP-2 protein forms at least part of the epitope recognized by 2.25.4 and, because it is highly conserved among arenaviruses, this region is likely to be of functional significance. In this case, changes are likely to be lethal and there could be selection pressure for changes to occur at sites distal to this part of the binding site. The precise definition of the structure of the epitope recognized by MAb 2.25.4 awaits more detailed analysis and is currently under investigation using a range of peptides derived from the C-terminal half of GPC.
